Introduction
DNA from bacteria is a powerful stimulator of the innate immune system [1] . In contrast to vertebrate DNA, bacterial DNA contains relatively abundant unmethylated CpG dinucleotides [2] . These unmethylated CpG dinucleotides, in particular base contents (CpG motif), are now known to attribute the immune stimulatory activities of the bacterial DNA [3] . Similar immune stimulatory activities have been demonstrated using synthetic CpG oligodeoxynucleotides (CpG-ODN) [3, 4] . It has been well documented that bacterial DNA and synthetic CpG-ODN stimulate B-lymphocyte and innate immune cells such as macrophages, dendritic cells and natural killer cells from mammalian species activation and secretion of cytokines, including interleukin-1b (IL-1b), IL-6, IL-12, IL-18, tumor necrosis factor-a (TNF-a), interferon-a (IFN-a), and IFN-c [1] . Toll-like receptor 9 (TLR9) has been demonstrated to mediate CpG-ODN immune stimulatory activity in murine and human immune cells [5, 6] . Recent studies have demonstrated the immune stimulatory activities of CpG-ODN in other vertebrate species, such as fish [7] [8] [9] and chicken [10] [11] [12] [13] [14] .
Host immune defense against infectious pathogens relies on both the innate and adaptive immunity. The innate immune system provides the first line defense to limit the invading pathogen at the initial stage of infection and directs the development of adaptive immune responses [15] . Stimulation of the innate immune system in newly hatched chickens is of particularly interest to the poultry industry, because young chickens are susceptible to bacterial infection such as Salmonella [16] . Bacterial DNA and CpG-ODN have previously been demonstrated to stimulate innate immune responses and provided protection against infections in animals. For example, pretreatment of mice with CpG-ODN provided protection against lethal challenge of bacteria Listeria monocytogenes [17, 18] , Francisella tularensis [18] , or parasitic protozoans Leishmania major [19] , Plasmodium yoelii and P. falciparum [20] . Recently, CpG-ODN has also been reported to protect chickens from Escherichia coli infection [13] .
In a previous study, we have identified that CpG-ODN# 17with GTCGTT motif strongly stimulated nitric oxide (NO) production and IL-1b expression in an avian microphage cell line HD11 and CpG-ODN#1 with GACGTT motif stimulated IFN-c expression in peripheral blood monocytes, but less NO production and no IL-1b expression in HD11 [11] . In this study, we reported in vitro activation of chicken leukocytes, heterophils and peripheral blood monocytes, and in vivo protection against S. enteritidis (SE) infection by synthetic immune stimulatory CpG-ODNs in newly hatched chickens.
Materials and methods

Synthetic ODNs and reagents
The nuclease-resistant phosphorothioate ODNs were purchased from Biosource International (Camarillo, CA, USA) and further purified by ethanol precipitation. ODNs were dissolved in sterile phosphate-buffered saline (PBS, pH 7.2) at a concentration of 1 mg/ml, heated in boiling water for 5 min and immediately chilled on ice. Unused ODN solutions were stored at À20°C. The sequences of synthetic ODNs used in the present study were: CpG-ODN# 1, TCG ATC GAC GTT GAG GGG GG; CpG-ODN# 17, GTC GTT GTC GTT GTC GTT; and a control ODN without CpG motif (nCpG-ODN), CCA TGG CCA TGG CCA TGG [11] . All media, medium-additives, Histopaque gradients, and other reagents used in this study were purchased from Sigma (St. Louis, MO, USA). Cell culture 96-well plate was purchased from Becton Dickinson (Franklin Lakes, NJ, USA).
Animals
Leghorn chickens (Hy-Line W-36) used for experiments were obtained from a commercial hatchery (Hy-Line International, Bryan, TX, USA) on the dayof-hatch and placed on floor pens with pine shavings in a controlled and isolated environment. Chickens were provided ad libitum access to water and a balanced unmedicated corn-soybean based diet with nutrient rations met or exceeded the recommendation by the National Research Council [21] .
Cell isolation
Chicken heterophils and peripheral blood mononuclear cells (PBMC) were isolated from the peripheral blood collected from two-or three-day-old chickens as described by Kogut et al. [22] . Briefly, peripheral blood from approximately 100 chicks was pooled, mixed with 1% methylcellulose (1:1 v/v), and centrifuged at 25g (rcf) for 15 min. The supernatant was diluted with Ca 2+ -and Mg 2+ -free Hanks balanced salt solution, carefully layered onto a discontinuous Histopaque gradient (specific gravity 1.077/1.119) in 50 ml conical centrifuge tubes, and centrifuged at 250g (rcf) for 60 min. The PBMC layer at the 1.077/supernatant interface was collected, washed, and resuspended in RPMI-1640. The heterophils, located below the Histopaque 1.077/1.119 interface, were collected, washed, and resuspended in RPMI-1640. Heterophils and PBMC were counted and kept on ice until used.
Degranulation assay
Heterophil degranulation was measured by quantifying b-glucuronidase activity [22] in culture medium following stimulation of heterophils (8 · 10 6 /ml) with CpG-OND in the presence of 5% chicken serum for 60 min on a rocker platform in a 5% CO 2 , 95% humidity, and 39°C incubator. After incubation, the cells were pelleted by centrifugation at 10,000g (rcf) for 2 min at 4°C and supernatants were collected for the assay. 
Oxidative burst assay
Production of reactive oxygen species (ROS) by neonatal chicken heterophils during oxidative burst was measured by oxidation of DCFH-DA to fluorescent DCF as described by He et al. [23] . Briefly, chicken heterophils and PBMC (8 · 10 6 cells/ml in RPMI) were incubated in 2-ml microcentrifuge tubes containing 5% chicken serum, 10 lg/ml of DCFH-DA, and various concentration of CpG-ODN for 1 h at 37°C in a 5% CO 2 and 95% humidity incubator. The aliquots of cell cultures (150 ll) were then dispensed to a black 96-well plate and the fluorescence intensity was measured (485/ 530 nm) using an f max fluorescence microplate reader (Molecular Devices). The relative fluorescent units (RFU) were recorded at 60-min intervals for 3 h.
Monocyte culture and nitrite assay
Aliquots of 200 ll of PBMC (1 · 10 7 cells/ml) were dispensed to a 96-well (round-bottom plate) and incubated at room temperature for 2 h. After incubation, non-adherent cells were removed by washing twice with the culture medium (DulbeccoÕs Modified Eagles Medium (DMEM) containing 10% chicken serum, antibiotics (100 U penicillin/ml and 100 lg streptomycin/ml), and 1.5 mM L L-glutamine). The adherent monocytes in 200 ll culture medium per well were stimulated with CpGODNs for 48 h at 41°C in a 5% CO 2 and 95% humidity incubator. Nitrite produced by activated monocytes was measured by the Greiss assay [24] . Briefly, aliquot of 100 ll culture supernatant from each well was transferred to a new 96-well plate (flat-bottom) and combined with 50 ll of 1% sulfanilamide and 50 ll of 0.1% naphthylenediamine (both were prepared in 2.5% phosphoric acid solution). After 10 min incubation at room temperature, the nitrite concentration was determined by measuring optical density (OD 595 ) of each well using a SPECTRA MAX microplate reader (Molecular Devices). Sodium nitrite (Sigma) was used as a standard to determine nitrite concentrations in the cell-free medium.
Bacteria
A primary poultry isolate of S. enteritidis was obtained from the National Veterinary Services Laboratory, Ames, IA 50010 and approved for use in our laboratory by the USDA Animal and Plant Health Inspection Service. A carbonicillin-novobiocin (C-N) resistant isolate was selected and stored in 75% trypticase soy broth (TSB) + 25% sterile glycerol in aliquots of 1 · 10 9 colony forming units (CFU) at À70°C until used. The TSB used to culture the resistant isolate contained 100 lg/ml C and 25 lg/ml N to inhibit the growth of other bacteria. The SE for oral challenge was cultured over night at 41°C, washed, and resuspended in the sterile PBS (pH 7.2) at a concentration of 10 8 CFU/ml. The viable cell concentration of SE was determined by colony counts on brilliant green agar (BGA) plates containing C-N.
CpG-ODN treatments and SE organ invasion
Each experiment consisted of seven groups with 20 chickens per group: Control (SE challenging group receiving no CpG treatment), 25 lg CpG-ODN#1/ chicken, 50 lg CpG-ODN#1/chicken, 25 lg CpG-ODN#17/chicken, 50 lg CpG-ODN#17/chicken, and 50 lg nCpG-ODN/chicken. Treatments (0.5 ml) of ODNs or PBS (for control group) were given by i.p. injection to newly hatched chickens. Twenty-four hours after ODN treatments, 0.5 ml of SE (5 · 10 7 CFU/chicken) was orally gavaged to each chicken.
Twenty-four hours after the SE challenge, chickens were euthanized with CO 2 . Liver and spleen were aseptically removed from each chicken and cultured as a combined sample in an enrichment tetrathionate broth over night (18-24 h ) at 41°C according to the National Poultry Improvement Plan guidelines [25] . After incubation, the broth was streaked on BGA plates containing C-N and incubated for an additional 24 h at 41°C. The plates were examined for the presence of C-N resistant SE colonies. SE colonies were confirmed by appropriate antiserum test (DIFCO Lab, Detroit, MI, USA). Four independent experiments were conducted at different date and total of 80 chickens were used for each treatment group.
CpG-ODN treatments and peritoneal SE infection
Administration of SE via i.p. route has been used to induce a systemic infection in young chicken [26] . In this experiment, newly hatched chickens (20 chickens per treatment group) were i.p. treated with CpG-ODN as described above. Four hours after CpG-ODN treatments, chickens were given by i.p. injection either 0.1 ml sterile PBS or 0.1 ml 5 · 10 4 CFU/ml of SE (5 · 10 3 CFU/chicken). The dosage was previously determined by a pilot experiment to induce at least 50% mortality in day-old chickens. After challenge, experimental chickens were monitored twice daily and dead chickens were removed for the duration of seven days. Four independent experiments were conducted at different date and total of 80 chickens were used for each treatment group.
Data analysis
Data from four independent experiments were statistically analyzed by one way ANOVA followed by multiple comparisons (Tukey test) of treatments versus control group using SigmaStat Ò software (Jandel Scientific, San Rafael, CA, USA). p = 0.05 was considered statistically significant.
Results
Heterophils and PBMC from neonatal chickens were used to evaluate innate immune responses to CpG-ODN by measuring cell degranulation, oxidative burst, and induction of NO. The degranulation response to CpG-ODN stimulation was measured only in heterophils. Since heterophils produce little NO when activated with microbial agonist, such as lipopolysaccharide (data not shown), the induction of NO by CpG-ODN was measured only in monocytes.
Induction of heterophil degranulation by CpG-ODN
Stimulation of chicken heterophils with CpG-ODN induced degranulation activity. Significantly higher bglucuronidase activities were obtained in the culture media of heterophils treated with CpG-ODNs (Fig. 1) . The degranulation activity of heterophils in response to CpG-ODN stimulation was comparable with cells stimulated by formalin-killed SE (FKSE was prepared by incubation of bacteria in 1% formalin solution at 4°C for 24 h followed by washing four times with PBS to remove the formalin). CpG-ODNs were more effective than the control ODN (nCpG-ODN) in induction of heterophil degranulation. However, increased degranulation was observed in heterophils stimulated with nCpG-ODN. This indicated certain degree of none-CpG-motif-specific responses to ODN stimulations.
Induction of oxidative burst in heterophils and monocytes by CpG-ODN
Oxidative burst that generates ROS is an innate immune response of immune cells, such as heterophils and monocytes/macrophage, to microbes and microbial components. Significant increase of oxidative burst was observed when heterophils or monocytes were stimulated with ODNs (Fig. 2) . However, the response of oxidative burst was not CpG motif specific, since nCpG-ODN also induced oxidative burst in both heterophils and monocytes.
Induction of NO production in monocytes by CpG-ODN
Induction of NO synthesis in chicken monocytes after stimulation with 10 lg/ml of CpG-ODN and nCpG-ODN was measured after 48 h incubation at 41°C (Fig. 3) . The induction of NO in chicken monocytes was CpG motif sequence-dependent, with CpG-ODN#17 containing motif GTCGTT strongly stimulated NO production; while CpG#1induced significantly less NO production and nCpG-ODN did not stimulate any NO production. CpG-ODN#17 seems to be more potent in induction of NO synthesis in monocytes than a well-known microbial agonist LPS. These results indicated sequence-specific recognition of CpG-ODN by chicken monocytes in induction of NO synthesis.
Reduction of SE organ invasion in neonatal chicken by i.p. CpG-ODN
Effects of i.p. injection of CpG-ODNs on the incidence of SE organ invasion induced by oral challenge in neonatal chickens were evaluated (Table 1) . CpG-ODN#17 treatments reduced SE organ invasion in a dosage-dependent manner. A marginal reduction (p = 0.123) of SE organ invasion (26.2%) was observed on chickens receiving 25 lg CpG-ODN#17/chicken. However, increasing CpG-ODN#17 to 50 lg/chicken reduced SE organ invasion to a significantly lower level (p < 0.001) of 5.1% compared to 42.5% in the control group. On the other hand, a relatively higher rate of SE organ colonization (65%) was observed on chickens receiving 25 lg CpG-ODN#1/chicken. A moderate reduction (p = 0.114) of SE organ invasion (21.3%) was achieved when chickens treated with 50 lg CpG-ODN#1/chicken. The reason for the high incidence of SE organ invasion in the group treated with 25 lg CpG-ODN#1/chicken cannot be readily explained. Chickens receiving the nCpG-ODN showed no difference (p = 1.000) in the SE organ invasion (42.5%) from the challenge group.
Reduction of peritoneal SE infection induced mortality in neonatal chicken by i.p. CpG-ODN
Acute peritoneal infection of SE induced significant mortality in neonatal chickens during the period of seven day experiment. Effects of i.p. CpG-ODN on SE peritoneal infection induced mortality in neonatal chickens varied depending on type of CpG-ODN. Significant reduction of mortality was observed on chickens treated with i.p. CpG-ODN#17 at both dosage of 25 and 50 lg/ chicken ( Table 2 ). The protective effects of CpG-ODN#17 were demonstrated throughout the sevenday-period of experiment, whereas, CpG-ODN#1and nCpG-ODN have shown no protective effect on SE induced mortality.
Discussion
Innate immune system has developed and conserved during the course of evolution for quickly recognizing and responding to invading pathogens through recognition of pathogen associated molecule patterns (PAMPs). One example of such recognition of PAMPs is that vertebrate innate immune system (from fish, birds to mammals) can discriminate bacterial DNA from self DNA by recognizing unmethylated CpG motif presented in the bacterial DNA. These immune stimulatory activities of CpG-ODN have been studied extensively and well characterized in human and murine immune cells. However, responses of avian immune system to bacterial DNA or CpG-ODN are largely unknown. Here, we have demonstrated in vitro activation of chicken leukocytes, heterophils and PBMC, and in vivo protection of neonatal chickens from SE organ invasion and mortality induced by peritoneal SE infection by CpG-ODN.
Our study has clearly demonstrated immune recognition of CpG-ODN by chicken heterophils and monocytes. This recognition of CpG-ODN leaded to activation of effector functions in heterophils. One of those functions is degranulation, the process of mobilization and release of heterophil granules containing bactericidal substances including cationic bactericidal peptides [27] , defensins [28] , and proteolytic enzyme such as gelatinase B [29] . These granule proteins are pre-packaged in the granules and released in response to certain microbial agonist stimulation to engage bactericidal activities.
In additional to degranulation, CpG-ODN also stimulated generation of ROS in both heterophils and monocytes. ROS production is mediated by a multicomponent enzyme complex, NADPH oxidase [30] . The 
. ROS generation (oxidative burst) in response to microbe and microbial component stimulation has been previously studied mostly in heterophils [23, [31] [32] [33] [34] . However, it was the first time to demonstrate that CpG-ODN stimulates oxidative burst in chicken heterophils and monocytes. Results from this study indicated that induction of oxidative burst by CpG-ODN in heterophils and monocytes was not related to CpG sequence, since the nCpG-ODN which does not contain CpG sequence also stimulated oxidative burst. Therefore, this particular immune stimulatory activity of CpG-ODN may not be mediated by the TLR9. Receptor recognizing ODN and mediating oxidative burst remains to be determined.
NO mediates a number of biological reactions ranging from endothelium-dependent relaxation to macrophage antimicrobial and tumoricidal activity [35] . NO has been shown to contribute to host defense against intracellular pathogenic microorganisms such as Salmonella [35, 36] and to inhibit virus proliferation [36, 37] . In a recent study, in vivo blockage of NO production by an inhibitor also blocked host defense to Salmonella as evidenced by high mortality and high level of bacteria colonization in liver and spleen [35] . Previously, our study [11] demonstrated that CpG-ODNs were able to activate an avian macrophage cell line and induce NO production and cytokine expression. In this study, our results further demonstrated that CpG-ODN also stimulated NO synthesis in primary PBMC from the neonatal chicken. It seems that chicken PBMC recognized CpG-ODN and readily induced NO synthesis without prerequisite of priming as reported on mammalian macrophage cells [38, 39] . The stimulation activity of CpG-ODN was comparable or exceeded to a well-known microbial agonist LPS. Results from above in vitro studies suggest that CpG-ODN can activate innate immune functions of neonatal chicken immune cells. Different mechanisms may be involved in recognition of CpG-ODN and activation of certain immune function.
In addition to in vitro immune stimulatory activity of CpG-ODN, experiments were conducted to determine the in vivo protective function by evaluating effects of i.p. administrated CpG-ODN on SE organ invasion and mortality induced by peritoneal SE infection. Our results have demonstrated that i.p. injection of CpG-ODN#17, which previously has been shown to strongly stimulate NO production and IL-1b expression in HD11 avian macrophage cell line [11] and confirmed immune stimulatory activities on primary heterophils and PBMC in this study, significantly reduced the incidence of SE organ invasion in neonatal chickens. CpG-ODN#17 treatments demonstrated dose-dependent reduction of SE organ invasion. Chickens receiving 50 lg of CpG-ODN#17 had only 5.1% SE positive in liver and spleen compared to 42.5% in the control group.
Similarly, i.p. administered CpG-ODN#17 significantly reduced mortality rate of the experimental chickens with peritoneal SE infection. Neither CpG-ODN#1 nor nCpG-ODN had effects on peritoneal SE infection induced mortality in this study. Results from both SE organ invasion and peritoneal SE induced mortality demonstrated immune protection against SE infection by CpG-ODN#17. These results also indicated that activation of heterophils and macrophage primed innate immunity for more efficient responses to eliminate or reduce infectious pathogen at early stage of infection. However, underline mechanism of CpG-ODN induced protection against SE infection observed from this study has not been defined and need to be further studied. On the other hand, CpG-ODN has been shown to protect mice from infections by intracellular bacteria and parasites [17] [18] [19] [20] . An immune stimulatory CpG-ODN (2006) for human immune cells [40] was recently found to increase intracellular killing of SE in HD11 avian macrophage cell line [14] . In an another study, subcutaneous injection of CpG (sequence not given) was reported to prevent both mortality and development of cellulites in three week old chicken from E. coli infection [13] . Our study has provided further evidence that immune stimulatory CpG-ODN modulates innate immunity to increase resistance to infectious diseases in poultry.
